I wish to comment on the paper "Assessment of Passive Elastic Stiffness for Isolated Heart Muscle and the Intact Heart" by Israel Mirsky and William W. Parmley (Circ Res 33:233-243, 1973) . They began by showing that stress in isolated papillary muscle varies exponentially with strain. In particular, they noted that muscle does not obey Hooke's law, a" = Ee, where <x = stress, e = strain, and E = Young's modulus = constant. Next, they stated, "For a sphere with internal and external radii a and b, respectively, subjected to (an internal) pressure P, the circumferential stress at any radius r is
(1)"
They assumed that the left ventricle is a thickwalled sphere and used Eq. ] to derive expressions for ventricular stiffness. Finally, they used the resulting expressions to analyze a variety of experimental and clinical data. It should be noted, however, that Eq. 1 applies only to thick, pressurized spheres made of materials which obey Hooke's law. Yu (Handbook of Engineering Mechanics, edited by W. Fliigge, McGraw Hill, 1962) presents a derivation of Eq. 1 which illuminates the need for the material to obey Hooke's law more clearly than does the derivation cited by Mirsky and Parmley (Timoshenko and Goodier, Theory of Elasticity, McGraw Hill, 1952) . Since, as the authors pointed out in the first part of their paper, cardiac muscle does not obey Hooke's law, it appears that Eq. 1 cannot be applied to the ventricle; therefore, their quantitative conclusions concerning the intact ventricle are open to serious question.
Stanton A. Glantz Division of Cardiology Stanford University Medical Center Stanford, California 94305

REPLY TO THE ABOVE LETTER
Dr. Glantz's comment concerning the quantification of left ventricular wall stress applies not only to the thick-walled sphere formula but also to all other stress formulas appearing in the literature on cardiac mechanics. I am responsible for the development of some of these formulas and have specifically outlined their limitations in my papers (Biophysical J 9:189-208, 1969) .
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The fact that these formulas apply to materials obeying Hooke's law does not limit their use in establishing stress-strain relations for materials which follow a curvilinear relation. Implicit in our analysis is the assumption that cardiac muscle follows Hooke's law over infinitesimally small intervals of stress and strain so that Young's modulus, although constant over each stress level, varies from one stress level to the next. In this stepwise manner, a nonlinear stress-strain relation can be developed for the ventricular wall material. The linear relation between stiffness and stress illustrated in Figure 6 of our paper is an alternative way of stating that the stress-strain relation is of an exponential form. Such an approach is often employed with moderate success in biomechanics and other areas of mathematical physics. In particular, the incremental modulus approach has been employed for many years in studies of mechanical properties of arteries and forms the basis for the development of several important expressions for evaluating arterial pulse wave velocities (e.g., see the many papers by Dr. D. J. Patel and his associates from the National Institutes of Health and the recent paper by Dobrin et al. [Circ Res 33:454-464, 1973] ).
The main purposes of our paper were as follows. (l) We wanted to introduce a more appropriate method for quantifying wall stiffness based on the concepts of stress and strain, concepts that have been developed over 300 years. Furthermore, these terms allow for more meaningful comparisons of elastic stiffness to be made between ventricles of different size and shape. (2) We wanted to show that dP/dV is just one of several determinants of stiffness, other important determinants being wall stress and the ventricular volume-mass ratio. This latter parameter has been shown by Field et al. (Circulation 47:1022 -1031 , 1973 to be an important quantity. (3) Finally, we wanted to illustrate that passive stiffness constants, k, are elevated in hypertrophied ventricles due to the increased wall mass, although this increased mass can lead to subnormal levels of end-diastolic stress yielding in turn normal stiffness values (E m -ka where a is the wall stress). Studies in hypertrophied papillary muscle indeed confirm the fact that k is elevated (Spann et al. [Am J Med Sci 258:291-303, 1969] , Bing et al. [Circ Res 28:234-245, 1971 ], Hamrell and Alpert [Circulation 48(Suppl. IV): IV-66, 123 1973] ). These three facts are independent of the stress formulas employed, and the clinical data were presented to illustrate that such results cannot be predicted by the conventional indexes of stiffness.
We are in agreement with Dr. Glantz that the quantitative results are open to question but not for the reason he has stated. My recent studies (Circulation 48[suppl. IV]: IV-86, 1973 , Biophysical J, Nov. 1973 in which either an ellipsoidal geometry was employed or a large-deformation analysis was conducted did indeed yield different quantitative results for stiffness. However, the results are encouraging in the sense that (l) the stiffness constant k was independent of the ventricular geometry and stress analysis employed, (2) the stiffness based on spherical geometry correlated well with that based on ellipsoidal geometry (r= 0.99), (3) the ellipsoidal formulas agreed reasonably well with experimentally obtained values for average stress (Circ Res 28:611-621,1971 , Circ Res 33:303-312, 1973 , and (4) good separation was obtained between normal and cardiomyopathy groups, a result not always obtained with indexes such as dP/dV, (dP/ dV)/P, etc.
LETTERS TO THE EDITOR
Since an appropriate model for quantifying wall stress must include fiber orientation, anisotropy, nonhomogeneity, large deformations, and actual ventricular geometry, it is quite apparent that such a model will have limited clinical value. Thus, the clinical cardiologist is faced with the choice of employing a simple, approximate stress formula which can be evaluated with readily available physiological data or a more complex formula yet to be developed involving parameters which are either impossible or technically difficult to measure. Therefore, as a temporary solution to this problem, it is suggested that cardiologists evaluate all current indexes of stiffness including the one proposed in our paper. From large numbers of follow-up studies, it will then be possible to assess their reliability and sensitivity.
